We present a new nanocavity device for highly localized on-chip recordings of action potentials from individual cells in a network. Microelectrode recordings have become the method of choice for recording extracellular action potentials from high density cultures or slices. Nevertheless, interfacing individual cells of a network with high resolution still remains challenging due to an insufficient coupling of the signal to small electrodes, exhibiting diameters below 10 mm. We show that this problem can be overcome by a new type of sensor that features an electrode, which is accessed via a small aperture and a nanosized cavity. Thus, the properties of large electrodes are combined with a high local resolution and a good seal resistance at the interface. Fabrication of the device can be performed with state-of-the-art clean room technology and sacrificial layer etching allowing integration of the devices into sensor arrays. We demonstrate the capability of such an array by recording the propagation of action potentials in a network of cardiomyocyte-like cells.
Introduction
Analysis of electrical cellular communication is of great interest for many research fields. Investigations range from cardiac activity [1] [2] [3] and pharmacology 4,5 over retina analysis 6 to the synaptic plasticity between individual neurons. 7, 8 All these fields are currently pushed by the improvement of extracellular recording devices. Electrical recordings are routinely carried out using microelectrode arrays (MEAs) 4,9-11 or field-effect transistors, 12 which locally probe the extracellular potential at the cellsensor interface. During the last decades the performance of recording devices has improved and opened many new sites of research. While recording of tissue, slices, or confluent cultures can easily be performed using commercially available devices, interfacing of individual cells still remains challenging. The local resolution of standard microelectrodes is limited by the high interface impedance occurring upon electrode miniaturization. A high impedance causes additional noise and therefore lowers the signal-to-noise ratio of extracellular measurements. For this reason electrode sizes in commercial chip-based electrode arrays are usually well above 10 mm and therefore bigger than the size of an individual cell. Thus, recorded signals cannot be attributed to a specific cell in a network, which reduces the specificity of the information gained from the experimental data. Several attempts for overcoming this problem exist. Nanowire based recording devices offer great opportunities in cell recording, 13 even on a subcellular 14 or intracellular level. 15, 16 Furthermore the combination of CMOS techniques with microelectrodes enables on-chip amplification at a high sensor density. [17] [18] [19] [20] 28 ,29 have been successfully tested for impedance reduction of electrodes, but they often lack the reproducibility in fabrication, homogeneity, and stability for standard applications. The planar patch clamp technique 30, 31 allows to probe individual cells but cannot reach the required sensor density for the analysis of network activity and additionally requires a backside fluidic approach. Here, we demonstrate a simple, yet effective, method for the fabrication of a sensor array suited for extracellular recording of action potentials with single-cell resolution. In our device a liquid filled nanocavity over the electrode is accessed via a small microaperture. This approach provides the advantage of a low impedance electrode with a high surface area in combination with a small recording aperture for monitoring individual cells.
Experimental Nanocavity array fabrication
The chips were fabricated on a 4-inch silicon wafer that was oxidized under wet conditions to grow 1 mm of SiO 2 . A fabrication scheme is shown in Fig. 1 . First, the electrodes, feed lines, and bond pads were patterned in a double layer resist (LOR3B/ nLOF2020, MicroChem Corp., USA, and MicroChemicals GmbH, Germany, respectively). The metal was deposited using electron beam evaporation of 10 nm Ti, 150 nm Au, and 5 nm Cr followed by a lift-off in acetone and MIF326 (MicroChemicals). In a second lithography step, a thin chromium layer of 70 nm was patterned on top of the electrodes. The chromium served as a sacrificial layer and defined the later geometry of the nanocavities.
32,33 Afterwards, the whole structure was passivated using a stack of 400 nm silicon nitride and 400 nm silicon oxide deposited by plasma enhanced chemical vapor deposition (SENTECH Instruments GmbH). The bond pads were opened and small apertures of 3 or 5 mm in the center of each electrode were introduced into the passivation layer by reactive ion (CHF 3 / CF 4 /O 2 ) etching. Finally the sacrificial layer was removed by wet chemical etching (chromium etch, Merck) to reveal the electrode surfaces inside the nanocavities.
Measurement setup
We used a custom, 64-channel amplifier system equipped with high-impedance operational amplifiers (preamplifier gain 10.22), coupled to a main amplifier (gain 100) providing an overall gain of 1022. Data were sampled simultaneously across all channels at 10 kHz per channel using the MED64 Conductor 3.1 software (Alpha MED Sciences, Japan). An extracellular Ag/AgCl electrode, set to ground potential, served as a reference electrode. A more detailed description of the data acquisition has been published previously. 34 
Cell culture
The HL-1 cell line (Louisiana State University Health Science Center, New Orleans, LA, USA) was derived from AT-1 cells (mouse cardiomyocyte tumor). It represents a hybrid between embryonic and adult myocytes. 35 The HL-1 cardiac muscle cells generate spontaneous APs and subsequently contract after the cells reach confluency. Cells were cultured in T25 flasks at 37 C and 5% CO 2 in Claycomb Medium with 10% FBS, 100 mg ml À1 penicillin-streptomycin, 0.1 mM norepinephrine and 2 mM L-glutamine in a humidified chamber. The cells were seeded onto the chips as described by Law et al.,
1 after they reached confluency. Briefly, cells were trypsinized using 0.05% trypsin/ EDTA. Trypsinization was stopped by adding the medium followed by centrifugation (5 min, 500g). The supernatant was removed and the pellet was resuspended in 1 ml of culture medium. After counting the cells, approximately 3000 cells per mm 2 were plated in 50 ml of medium on the nanocavity chip, previously coated with gelatin fibronectin. After 4 hours of adhesion, chips were topped up with 500 ml of medium. The medium was changed daily until cells reached confluency and measurements were performed, usually 3-4 days after seeding.
Results and discussion
The final electrode array consists of 5 times 6 electrodes as shown in Fig. 2 . The height of the cavity is in the range of 50 nm while the width matches the metal electrode. The aperture can be designed in a way to match the desired recording properties. Fig. 1 Fabrication scheme of a single nanocavity sensor. Left and right columns show the top and side view of the sensor, respectively. In a first step the electrodes are patterned (1) followed by the deposition of a sacrificial chromium layer (2). The device is then insulated with a PECVD silicon nitride/silicon oxide layer and an aperture is etched by RIE (3). In a final step the chromium layer is removed using wet chemical etching to form the actual nanocavity. The fabricated chip features are an array of 5 Â 6 nanocavity sensors. Single cell recordings for example should be performed with an aperture diameter that is smaller than the addressed cell to ensure sufficient spatial resolution and a good seal between cell and electrode. A schematic cross-section of a single electrode with the nanocavity is given in Fig. 2 .
The quality of the cell-electrode coupling is determined by several key factors as described by Rutten. 36 Most important, the cell should tightly seal the electrode from the bulk with a high junction resistance. This ensures that upon cell activity a measurable potential change is generated at the sensor interface. Further, the electrode impedance has to be sufficiently small to allow for good signal-to-noise ratios during extracellular recording. 37 Finally, the parasitic capacitance of the chip and amplifier system should be small to avoid signal attenuation due to leakage currents. The electrode impedance is in direct correlation with the inverse of the electrode surface.
Thus, on the one hand, the demand of low impedances imposes a limit on the minimal size of the recording electrode. On the other hand, single-cell resolution requires that the electrode does not exceed the size of the investigated cell. In our approach, we combine the interfacial properties of a larger microelectrode with a tunable recording-aperture size of several hundred nanometres to micrometres, thus providing a large electrode with a small recording spot. Increasing the electrode surface area via a nanofluidic cavity does not change the spot that determines the spatial resolution of the recording. Nevertheless, the effect of the increased electrode area on the impedance is evident. Fig. 3 shows an AC impedance scan between 1 Hz and 10 kHz performed on a planar 30 mm electrode and on a nanocavity electrode with a diameter of 30 mm and an access aperture of 5 mm. As expected, the nanocavity electrode shows almost the same impedance as the planar electrode even though it is only accessed via the small aperture.
We investigated the behaviour of the nanocavity electrode under cell culture conditions. To this end, the chips were cultured with HL-1 cells, a cardiomyocyte-like cell line that grows confluent layers coupled via gap junctions. The cells autonomously generate action potentials that subsequently spread over the cell layer. The cells were seeded and after 3-4 days in the culture the chips were ready to be measured. In Fig. 4 one can see an SEM picture of a focused ion beam (FIB) cut through a not yet confluent cell layer sitting on top of a nanocavity device. In the center of the cut we see the aperture with the attached cell. The picture depicts the size of the cavity and the bridge the passivation layer forms over the cavity. A close-up view of the aperture is given in the inset. The cleft between the electrode and the passivation can be seen. Furthermore, the cell nicely covers the aperture and grows into the cavity effectively sealing the electrode. Recordings performed with a confluent layer of HL-1 cells are shown in Fig. 5 . The image reveals the positions of each electrode on the chip. The propagation of the action potential over the cell layer is depicted in a color code, corresponding to the time delay between the first measured action potential and subsequent action potentials at different locations. Below the image in Fig. 5 , examples of individual action potentials are shown. The recorded signals have peak to peak amplitudes of up to 1.5 mV p-p with a typical noise level of 9.5 AE 0.5 mV RMS . Compared to 30 mm planar gold chips the recording performance was not altered significantly in terms of noise, but an increase of the peak to peak AP amplitudes was visible (data not shown). We attribute the increased peak potential to a better seal (increased junction resistance) induced by the small aperture. Furthermore, the recording location can be exactly determined and correlated to an individual cell, due to the small sensor aperture.
Conclusion
We have presented a new type of sensor array based on a nanocavity electrode design that is addressed via a microaperture. There are obvious advantages of this new concept for extracellular microelectrode array recordings. The liquid filled nanocavity effectively reduces the impedance of the sensor, which is dominated by the size of the electrode-electrolyte interface. In contrast, the spatial resolution of the sensor is not affected and is only determined by the aperture connecting to the nanocavity. Thus, a high resolution provided by a small aperture allows the exact assignment of individual cells to the respective recording electrodes. Furthermore, single cells are able to completely cover the apertures leading to an increased seal resistance and consequently a better cell-electrode coupling. The strong coupling in combination with a low electrode impedance now enables the analysis of individual cells, that are integrated into dense clusters. Finally, the nanocavity devices can be fabricated in a reliable and controllable way via standard optical lithography. 
